First-principles calculations are performed for Mg 2+ and Zn 2+ substitution in hydroxyapatite ͑HAp͒ and octacalcium phosphate ͑OCP͒, because the foreign ions are known to play an important role for bone formation. In order to study their possible location in the system of HAp in contact with the aqueous solution, OCP is considered as a structural model of the transition region between HAp and the solution. It is found that, when the foreign ions substitute for Ca sites, the surrounding oxygen ions undergo considerable inward relaxation, due to their smaller ionic sizes than Ca 2+ , which results in the smaller coordination numbers with oxygen as compared with those of Ca in bulk HAp and OCP. From the calculated defect formation energies, it is likely that the substitutional foreign ions are quite difficult to dissolve into HAp whereas can be more easily incorporated in OCP. In particular, Zn 2+ can more favorably substitute for the specific Ca site of OCP, as compared to Mg 2+ , which is attributed with covalent bond formation between Zn and the surrounding oxygen ions. It is thus considered that zinc may play its role to promote bone formation by being incorporated into the transition region between HAp and the surrounding solution.
I. INTRODUCTION
In normal bone remodeling processes, successive bone resorption and formation take place with the aid of osteoclast and osteoblast activity. Imbalance between bone resorption and formation results in osteoporosis, which is a bone disease characterized by decreased bone mass and density. Since hard tissues such as bone and tooth enamel contain hydroxyapatite ͓Ca 10 ͑PO 4 ͒ 6 ͑OH͒ 2 ͑HAp͔͒ as inorganic components, it is essential to clarify physical and chemical properties of biological HAp and to obtain a fundamental understanding of the bone mineralization processes.
It is known that hard tissues in human bodies contain a variety of trace elements, which likely play important biological roles. Typical trace elements in bones and tooth enamels are ϳ4 -8 wt % of carbonate ͑CO 3 2− ͒, ϳ0.4-0.9 wt % of sodium and magnesium, and approximately less than 0.1 wt % of potassium, fluoride, and chloride. 1 Among trace elements involved in bones and the surrounding aqueous solutions ͑body fluids͒, magnesium and zinc ions are expected to have a significant effect on bone mineralization. The content of Mg 2+ in biological apatites is basically larger than that of Zn 2+ , and the trace elements are considered to be uptaken and/or released by bone-mineral components during the bone remodeling process. Regarding the trace-element effects on bone formation, it was reported that the Mg 2+ deficiency gives rise to decreased bone mass, due to decreased osteoblasts and increased osteoclasts. 2 While it is known that Zn 2+ addition can stimulate osteoblast activity and thus promote bone formation. 3 Hayakawa et al. also reported that Zn-doped HAp particles exhibit selective protein adsorption. 4 It is expected, therefore, that Mg and Zn dopants may play a potential role for adsorption of proteins and cells on biological apatites. In addition to their biological effect, these ions are known to inhibit crystallization and growth of HAp, which indicates that they also affect formation, crystal sizes, and morphology of the HAp minerals in bone and tooth. [5] [6] [7] [8] In order to clarify the effects of Mg 2+ and Zn 2+ on bone formation in more detail, it is necessary to investigate their location and chemical environments in the system of HAp and its surrounding solution at the atomic and electronic levels. In particular, the role of the trace elements for bone formation may be different depending on their location. When the situation that HAp is in contact with an aqueous solution is considered, 9, 10 it can be simply imagined that there are three main possibilities of the locations of the trace elements; ͑1͒ substitution for Ca 2+ in the HAp lattice, ͑2͒ the incorporation in a transition region between HAp and the solution, and ͑3͒ being loosely bound at HAp surfaces or in the solution. In the first case, it is considered that the trace elements cannot directly affect the bone formation but could play its role only when the ions are released by dissolution of HAp crystals. The second case could promote adsorption of osteoblast cells on the transition region and could directly stimulate the activity of the adsorbed cells. Since apatite crystals in mineralized bones are always thin and platelet with a thickness of about 4 nm, 1 many atoms in the crystals may be considered to be located in the transition region. Therefore, it is inevitably important to investigate impurity a͒ location in the transition region as well as in HAp. However, the transition region may have a low-crystalline state or a hydrated state of calcium phosphate, and its detailed structure has not been characterized because that phase may be metastable. [11] [12] [13] In this regard, Brown et al. proposed that the structure of the transition region is similar to the structure of octacalcium phosphate ͓Ca 8 H 2 ͑PO 4 ͒ 6 ·5H 2 O ͑OCP͔͒, which has ionic arrangements of Ca 2+ and PO 4 3− similar to HAp and also contains H 2 O molecules ͑details will be shown later͒. 14 Santos et al. and Cazalbou et al. also suggested the presence of the metastable hydrated layer containing HPO 4 2− and structural water molecules on the HAp surface, which resembles the OCP structure. 12, 13 In the third case, the ions may directly act on osteoblast cells to promote protein synthesis and enzyme activity. In order to understand the bone formation mechanism by the trace elements, therefore, it is essential to reveal the possible locations in the system containing HAp and its surrounding solution.
Recently, first-principles calculations have proved to be effective to investigate atomic and electronic structures of point defects even in complicated metal oxides such as apatite-based materials. By analyzing total energies of computational models, it is also feasible not only to reveal characteristic atomic coordinates but also to evaluate defect energetics quantitatively. 15, 16 Regarding Mg 2+ and Zn 2+ ions in calcium phosphates, Terra et al. employed the embedded cluster model method to study electronic structures of Zn 2+ in HAp. 17 Yin et al. carried out first-principles calculations of Mg 2+ and Zn 2+ dopants in tricalcium phosphate ͑TCP͒ using cluster models, and discussed the bioactivity of the TCP materials from the structural characteristics around the dopants. 18 More recently, Ma and Ellis calculated Zn substitution on the HAp ͑0001͒ surface, using the surface slab models, and evaluated adsorption energies at Ca sites around the surface. 19 Although these studies provided detailed atomic structures around the dopants, they did not evaluate thermodynamic stability of Mg 2+ and Zn 2+ in the apatiterelated materials.
In this study, first-principles band-structure calculations are performed for Mg 2+ and Zn 2+ in HAp. In order to investigate a possibility of their incorporation into the HApsolution transition region, OCP is used as a structural model, and substitution of Mg 2+ and Zn 2+ for Ca in OCP is also calculated. Theoretical formation energies of the substitutional defects are evaluated from total energies of supercells, together with chemical potentials determined under chemical equilibrium between HAp and its saturated aqueous solution. The predicted locations of the trace elements are discussed in connection with their role in the bone formation process.
II. COMPUTATIONAL METHOD

A. Electronic structure calculation
First-principles electronic structure calculations are performed based on the projector augmented wave method, implemented in VASP. [20] [21] [22] The generalized gradient approximation ͑GGA͒ is used for the exchange-correlation potential, and the GGA functional proposed by Perdew et al. is employed. 23 A plane-wave cutoff energy ͑E cut ͒ of 500 eV is used throughout the present study. Based on forces on atoms calculated, all atoms in unit cells and supercells are allowed to relax until their forces converge to less than 0.05 eV/ Å.
In this study, substitutional Mg 2+ and Zn 2+ for Ca 2+ in HAp and OCP are calculated. Since these are divalent cations, additional charge compensating defects do not need to be considered for the ion substitutions. For HAp, the hexagonal structure ͑space group P6 3 / m͒ having 44 atoms is used. 24 It is noted that the P atom is surrounded by four O atoms with a bond length of 0.156 nm, two kinds of Ca sites, Ca-1 and Ca-2, are present, and the OH − ions are not in the positions related by the mirror planes at z =1/ 4 and 3 / 4. The Ca-1 ions are sixfold coordinated by oxygen ions at the vertices of PO 4 tetrahedra, with a Ca-O bond length of about 0.24 nm ͑see Table I͒. Since Ca-1 ions form columns along the c axis, therefore, they are sometimes referred to as columnar Ca. The Ca-2 ions are also surrounded by six oxygen ions, and form two Ca triangles rotated by 60°about the OH − columns parallel to the c axis. Further details of the hexagonal structure were also described in Refs. 24 and 25. The unit-cell structure of the hexagonal phase was already optimized in the same first-principles manner with the present study, 15 which is used to generate HAp supercells for the defect calculations. Figure 1 displays the unit-cell structure of OCP viewed along the c axis. The crystal structure is triclinic with a space group of P1 and exhibits the much longer a-axis dimension than the b axis. 14, 26 There are eight kinds of Ca sites and six kinds of P sites, and the P atoms are surrounded by four oxygen atoms to form PO 4 tetrahedra. According to the notations by Mathew et al., 26 whereas O-5 is not coordinated to Ca atoms. Due to the center of inversion at ͑1 / 2,1/ 2,1/ 2͒, the total number of atoms in the unit cell is 110.
As shown by Brown et al., 14 the OCP structure is closely related to HAp. In OCP, the atomic arrangement of Ca and PO 4 in the region of x =0-1/ 4 and x =3/ 4 -1 is similar to that of HAp, and therefore is referred to as the "apatitic layer." Due to the similarity to HAp, OCP is considered as a precursor of HAp in in vitro and in pathological calcification. 11 It is noted, however, that the local atomic coordinates are more distorted and lower symmetric than those in HAp. In contrast, the remaining region containing the water molecules is called as the hydrated layer, and the composition in this layer ͑Ca 4 ͑HPO 4 ͒ 4 · 10H 2 O͒ is close to that of dicalcium phosphate dehydrate ͓Ca͑HPO 4 ͒ ·2H 2 O͔. 27 The apatitic and hydrated layers are alternately stacked along the a axis in the OCP structure.
The OCP unit cell is calculated on the Monkhorst-Pack k-point mesh of 1 ϫ 2 ϫ 3 ͑three irreducible k points͒. 28 As stated above, since O-3 is disordered, 26 two kinds of the OCP unit cells comprising O-3a and O-3b are calculated, so that a total energy of the unit cell containing O-3b is found to be by 0.35 eV smaller than that of the O-3a case. Accordingly, computed results based on the unit cell with O-3b will be shown hereafter. The optimized unit-cell parameters are a = 2.00 nm, b = 0.97 nm, c = 0.69 nm, ␣ = 90.35°, ␤ = 93.21°, and ␥ = 110.14°, which reproduce experimental data within an accuracy of 1.7%. 26 The calculated distances from Ca and P to the first and second nearest neighbor ͑NN͒ atoms in HAp and OCP are summarized in Table I . In HAp, the Ca-1 and Ca-2 sites are considered to be sixfold coordinated by oxygen. However, the extended coordination numbers of Ca within the second NN coordination shell ͑9 for Ca-1 and 7 for Ca-2͒ are sometimes used to discriminate the difference in atomic coordination of Ca-1 and Ca-2. 25 As compared to the HAp case, the Ca-O lengths in OCP exhibit a wide range of variation from 0.23 to 0.28 nm, but it can be roughly said from Table I that the coordination numbers of Ca to O are 6 or 7. In contrast, the P-O lengths in OCP are similar to those in HAp ͑about 0.156 nm͒, and all the P atoms are fourfold coordinated by oxygen. However, a H atom attaches to an O atom of the PO 4 tetrahedra centered at P-5 and P-6, and then the P-O bond with the hydrogen attachment exhibits a longer bond length ͑about 0.16 nm͒ than the other three P-O bonds.
Based on the optimized unit-cell structures of HAp and OCP, supercells for the defect calculations are generated. In the HAp case, the hexagonal unit cell is doubled in all directions, so that the HAp supercell comprises 352 atoms. While the OCP unit cell is doubled only along the c axis, and the total atomic number of the resultant OCP is 220 atoms. For the supercell calculations, Brillouin zone integrations are performed only at ⌫ point because of the rather large supercells. One of Ca atoms is replaced by Mg or Zn, and the substitution at all the inequivalent Ca sites is individually calculated in both the HAp and OCP cases. All atoms in the defective supercells are allowed to relax in the manner described above, but the cell shape and cell dimensions are kept constant during the structural optimization. This corresponds to the ion substitution in HAp and OCP in the dilute state. If a large amount of the substitutional defects are accommodated in the crystals, defect-defect interactions, statistic defect configurations of defect species, and the associated variations in the lattice parameters of HAp may be taken into account. As a first step, however, it is beneficial to study formation energies of the isolated substitutional defects based on the dilute approximation, in order to reveal fundamental solubility of Mg and Zn in HAp and OCP.
In order to check the computational accuracy in the present supercell calculations, test calculations using two irreducible k points are carried out for the OCP supercells with/without Zn substitution. It is confirmed that the total energy convergence is less than 1.0 meV/atom, which results in a difference in defect formation energy of less than 0.01 eV.
B. Defect formation energy
Defect formation energies ͑⌬H f ͒ are evaluated from total energies ͑E T ͒ of the perfect and defective supercells. When a divalent foreign ion M 2+ ͑M=Mg or Zn͒ substitutes for Ca 2+ in HAp or OCP, ⌬H f can be written as 
͑1͒
Here Ca 2+ and M 2+ indicate electrochemical potentials of Ca 2+ and M 2+ , which are determined from chemical equilibrium of interest. In this study, it is assumed that HAp and OCP crystals equilibrate with an aqueous solution that is saturated with respect to HAp and contains particular amount of M 2+ ions. Since the electrochemical potentials of a constituent ionic species in the solid and liquid phases are equal to each other in the chemical equilibrium, Ca 2+ and M 2+ can be determined from those for the ions dissolving in the aqueous solution to evaluate the defect formation energies. It is noted that the electrochemical potential for an ionic species M 2+ in a solution is expressed in terms of a standard chemical potential M 2+ ‫ؠ‬ , an activity ͑a M 2+͒, and an inner potential of the solution aq as 29, 30 
where k B is the Boltzmann constant and T is the temperature. The temperature of 298 K is used throughout the present study. Substituting Eq. ͑2͒ into Eq. ͑1͒ gives rise to the defect formation energy as
The standard chemical potential terms Ca 2+ can be obtained, and thus the chemical potential difference in Eq. ͑3͒ is given by
The last two terms of the right-hand side of Eq. ͑6͒ correspond to the chemical potentials of pure metallic Ca and M. ͓͑Ca 2+ ͔ and ͓M 2+ ͔͒ in the solution ͑e.g., a M 2+ = ␥ M 2+͓M 2+ ͔͒. In order to evaluate the activity of the ions in the solution, the following situations are assumed in this study: ͑a͒ the activity coefficients are assumed to be unity because the HApsaturated solution is basically a dilute one due to the small solubility product of HAp, 25 ͑b͒ the M 2+ ions of particular concentrations are introduced into the solution by addition of MA 2 compounds ͑e.g., A − =NO 3 − ͒, as encountered in the previous experiments, 6, 7, 32 ͑c͒ the solution pH is adjusted by adding acid HX in the low pH range and base BOH in the high pH range, 33 and ͑d͒ the A − , B + , and X − ions are indifferent ions to dissolution equilibrium of HAp. As a result, in the low pH range, the charge neutrality condition of the solution can be written as
It is noted here that the phosphate ions have three different protonated forms, HPO 4 2− , H 2 PO 4 − , and H 3 PO 4 in the solution, depending on the solution pH. In a similar way, the charge neutrality in the high pH range is described as
where the following relation is imposed, together with Eq. ͑8͒;
In addition to the above charge neutrality requirements, the ionic product of water, the solubility product of HAp, 34 and the three different acid dissociation constants for phosphate ions ͑HPO 4 2− =PO 4 3− +H + , H 2 PO 4 − =HPO 4 2− +H + , and H 3 PO 4 =H 2 PO 4 − +H + ͒ are used to calculate the ionic concentration of Ca 2+ as a function of the solution pH. More details can also be found elsewhere. 35 Figure 2 displays the calculated pH dependence of Ca 2+ concentration in the HApsaturated aqueous solution. It can be seen that the Ca 2+ concentration tends to increase with decreasing pH. 33 When the pH condition and the ͓M 2+ ͔ value of the solution are given, therefore, the defect formation energy for the ion substitution can be obtained as a function of pH.
III. RESULTS AND DISCUSSION
A. Electronic structure of bulk HAp and OCP
Before going to ion substitution in HAp and OCP, electronic structures of perfect HAp and OCP lattices are investigated. Figure 3 shows total densities of states ͑DOS͒ for the valence bands ͑VBs͒ of HAp and OCP. As found in the pre-vious reports, the VB structure of HAp was described in detail, 15, 36, 37 and thus a number of characteristics in the VB are briefly summarized here. The lower VB of HAp is composed of O-2s and Ca-3p orbitals, while O-2p orbitals are a main component of the upper VB. The conduction band comprises Ca-3d and 4s orbitals, and the theoretical band gap of 5.3 eV agrees with the previous theoretical data. 36, 37 It is also noted that the upper VB exhibits four prominent peaks, which arise mainly from strong admixture between P-3sp and O-2sp orbitals in the energy range of −8 to − 4 eV and from overlap of Ca-3d4s and O-2p orbitals in the range of −4 -0 eV. 15 The band gap for OCP is calculated to be 4.9 eV, which is slightly smaller than that of HAp, and the overall DOS feature is similar to that for HAp. The only difference in DOS from HAp is that small DOS components are observed between two neighboring peaks of the four prominent ones in the upper VB. This is mainly because OCP contains HPO 4 groups and H 2 O molecules in its unit-cell structure, which are not found in HAp. In fact, it can be seen from the partial DOS curves in Fig. 4 that the energy levels originating from the proton of HPO 4 ͑centered at P-5͒ and the H 2 O molecules also lie in the same energy range with O-2p components from PO 4 groups in the apatitic layer. Such complexity of the unit-cell structure of OCP results in the slight difference in DOS between HAp and OCP.
B. Atomic structures of substitutional magnesium and zinc in HAp
In order to investigate structural characteristics around Mg 2+ and Zn 2+ in HAp, the calculated distances from the substitutional cations to the neighboring atoms are investigated. 38 The coordination numbers of Mg 2+ to oxygen within the first NN shell are 6 at both the Ca-1 and Ca-2 sites, as is the case in perfect HAp ͑see Table I͒. However, the bond distances from Mg 2+ to the first NN oxygen atoms are by about 8.5% on average smaller than the nearest neighboring Ca-O distances in the perfect lattice. This can be understood from the much smaller ionic radius of Mg 2+ ͑0.072 nm͒ than that of Ca 2+ ͑0.100 nm͒ in the sixfold coordination. 39 .
Since Zn 2+ is also much smaller in size ͑0.074 nm͒ than Ca 2+ , 39 the similar inward relaxation of the first NN oxygen atoms can be found for Zn 2+ substitution for Ca-1, whereas the local atomic coordination of Zn 2+ at the Ca-2 site is quite different from the Ca-1 case. The interatomic distance from Zn 2+ at the Ca-2 site to first NN oxygen is by about 13% shorter than that in the perfect lattice, and the resultant coordination number within the first NN shell becomes 4. In fact, it can be seen in the relaxed geometry of Fig. 5 that the OH − group adjacent to Zn 2+ is significantly displaced from the c axis toward Zn 2+ , where the Zn-OH distance is 0.205 nm. Since Zn atoms prefer to have fourfold coordination with 
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Substitutional magnesium and zinc in hydroxyapatite and octocal-calcium phosphate J. Chem. Phys. 128, 245101 ͑2008͒ oxygen as found in bulk ZnO, it is thought that the ZnO 4 tetrahedral configuration can also be formed depending on the substitutional sites in HAp. It seems likely that structural constraint at the Ca-2 site is less than that at Ca-1, due to the presence of the relatively mobile OH − group at the adjacent site. Figures 6͑a͒ and 6͑b͒ display partial densities of states ͑PDOSs͒ of Mg 2+ and Zn 2+ in HAp. In this case, the PDOS curves of the first NN oxygen atoms are also plotted. As stated in Fig. 1 , the upper VB in HAp is mainly composed of O-2p, and the Mg-3sp orbitals only slightly contribute to the upper VB. This indicates a typical ionic character of bonding between Mg and the first NN oxygen in HAp. In Fig. 6͑b͒ , the Zn-3d band is located at around −5 eV, and also the Zn-4sp orbitals more contribute to the upper VB, as compared to Mg-3sp in Fig. 6͑a͒ . Although Zn-3d orbitals are fully occupied by electrons ͓electronic configuration of 3d 10 ͔, the originally unoccupied Zn-4sp orbitals overlap with O-2p orbitals in a bonding manner, which results in covalent bond formation of Zn-O. This can also be observed in the contour maps of the charge densities for Mg 2+ and Zn 2+ at the Ca-2 site shown in Fig. 7 . In the case of Mg 2+ ͓Fig. 7͑a͔͒, the electron densities of Mg 2+ and the adjacent oxygen of the OH − group exhibit slight overlap, which is quite similar to the electron densities around ionically bonded Ca-O. However, more electrons are accumulated between Zn 2+ and O 2− in Fig. 7͑b͒ , as compared with the Mg 2+ case. It can be thought, therefore, that Zn 2+ at Ca-2 tends to have the decreased coordination number of 4 so as to make the strong covalent bonds with O in the tetrahedral configuration.
C. Atomic structures of magnesium and zinc substitution in OCP
Atomic coordination structures for Mg 2+ and Zn 2+ in OCP are also investigated. 38 As also stated in Table I , the Ca-O bond lengths in perfect OCP exhibit the wide variation of 0.23-0.28 nm. This is also the cases for Mg 2+ and Zn 2+ substitution. In order to define the first NN coordination shell for the substitutional defects, therefore, the radius of a 15% larger value ͑0.24 nm͒ of the interatomic distances of Mg-O and Zn-O in bulk MgO and ZnO ͑about 0.21 nm͒ is used. 38 The Mg-O distances in OCP vary in the range of 0.20-0.24 nm, which is by about 15% smaller than the Ca-O lengths in bulk OCP. In addition, the coordination in OCP tend to decrease depending on the substitutional sites. Such considerable atomic relaxation may be allowed due to the low symmetry of the OCP structure.
In the case of Zn 2+ in OCP, the similar decreases in the bond lengths and the coordination numbers with first NN oxygen can be observed. 38 It should be noted, however, that the coordination numbers of Zn 2+ in OCP are 4 or 5, depending on the atomic sites, which are smaller even compared with those of Mg 2+ ͑the fivefold or sixfold coordination͒. As an example, the optimized atomic structure of Zn 2+ at Ca-6 is displayed in Fig. 8 . Since Zn in bulk ZnO has a smaller coordination number of 4 with oxygen than that of Mg in bulk MgO ͑sixfold coordinated͒, it can be expected that Zn 2+ in OCP also tends to favor the fourfold coordination. Such a tendency can also be seen in the case of Zn 2+ at the Ca-2 site of HAp ͑Fig. 5͒.
The PDOS curves of Mg 2+ and Zn 2+ at the Ca-6 sites are plotted in Figs. 6͑c͒ and 6͑d͒ . These results are quite similar to those in HAp ͓Figs. 6͑a͒ and 6͑b͔͒, where the Zn-4sp orbital components more contribute to the upper VB comprising O-2p orbitals, as compared to the Mg 2+ case. It can be said, therefore, that the Zn 2+ ion substituting for Ca is stabilized by covalent interactions with the surrounding O atoms at the expense of the decreased coordination numbers.
D. Thermodynamic stability of substitutional magnesium and zinc
As shown above, substituted Mg 2+ and Zn 2+ ions for Ca in HAp and OCP tend to have the smaller coordination numbers with oxygen, and the covalent bonds are formed especially in the Zn 2+ substitution case. In this subsection, the thermodynamic stability of the substitutional defects is evaluated, and the difference between HAp and OCP as well as the site dependence is investigated. Figure 9 shows the formation energies of substitutional Mg 2+ and Zn 2+ in HAp and OCP as a function of pH. Here, the energies are obtained by assuming the chemical equilibrium with the HAp-saturated solution in which the Mg 2+ or Zn 2+ concentration is set at 1.0ϫ 10 −3 mol/ l as found in physicological conditions. As a general trend, it can be seen that the formation energies tend to increase with decreasing pH. This tendency is attributed to variations of chemical potentials for Ca 2+ in Eq. ͑1͒ against the solution pH. As can be seen in Fig. 2 , the Ca 2+ concentration ͑activity͒ in the solution increases with lowering pH. In such a low pH range, Ca 2+ release from HAp or OCP into the solution by exchange with M 2+ is difficult to occur, which results in the increase in formation energies of the substitutional defects with smaller pH. For Mg 2+ and Zn 2+ in HAp ͓Figs. 9͑a͒ and 9͑b͔͒, it is found that the formation energies for substitutional Zn 2+ are smaller than those of the Mg 2+ case. This tendency is consistent with the experimental trend reported by Suzuki et al. showing the much larger ion-exchange ability for Zn 2+ in HAp than for Mg 2+ . 32 As stated in Fig. 6 , Zn 2+ is more covalently bonded to the surrounding oxygen in HAp, which is thought to be the main reason of the relative stability of the two substitutional cations. Moreover, in both the Mg 2+ and Zn 2+ cases, the replacement at the Ca-2 site is energetically more favorable than that at the Ca-1 site. Regarding the site preference of different-sized foreign cations substituting for the two Ca sites in HAp, Elliot discussed a spatial difference between the two Ca sites in the original HAp lattice. If the coordination numbers of the Ca sites within the second NN coordination shell of perfect HAp are considered, 25 the Ca-1 site is in the ninefold coordination with oxygen, whereas the Ca-2 site has the sevenfold coordination. In general, largersized cations tend to have a larger coordination number with the surrounding anions to form more ionic bonds, while smaller-sized cations prefer to occupy smaller coordination sites so as to reduce electrostatic repulsion between the surrounding anions. Also, the average Ca-O length for Ca-1 of 0.257 nm is larger than that for Ca-2 ͑0.247 nm͒. Based on this simple geometrical consideration, it is expected that the smaller-sized Mg 2+ and Zn 2+ prefer to occupy the Ca-2 site in HAp. It is noted that the preference of the Ca-2 site for Zn 2+ substitution in HAp is consistent with the firstprinciples result by Ma and Ellis, although they treated the substitution on the HAp ͑0001͒ surface. 19 When Mg 2+ and Zn 2+ are incorporated in OCP ͓Figs. 9͑c͒ and 9͑d͔͒, they have the formation energies at most of the Ca sites similar to those in HAp. It can be seen, however, that the formation energies at the Ca-6 site become considerably small for both Mg 2+ and Zn 2+ , as compared to those at the other Ca sites. This can also be explained by the geometrical consideration for the Ca sites in OCP. As also stated in the HAp case, since Mg 2+ and Zn 2+ are much smaller in size than Ca 2+ , it is expected that they can easily occupy the Ca sites having the smaller coordination numbers with oxygen. As can be seen in Table I , the lower coordinated Ca sites ͑sixfold͒ in the original OCP lattice correspond to Ca-3, Ca-5, Ca-6, and Ca-8. Among them, the average bond length of Ca-O at the Ca-6 site is the smallest ͑0.240 nm͒, which indicates that Ca-6 is a plausible substitutional site for smallsized Mg 2+ and Zn 2+ . It is noted that the Ca-5 site is also sixfold coordinated by oxygen with the average bond length of 0.241 nm, which is quite similar to Ca-6. In fact, it is found in Fig. 9 that the substitution at the Ca-5 site also shows the relatively smaller formation energies than the other substitution cases except for Ca-6.
It is also worth mentioning here that Zn 2+ at Ca-6 exhibits the smaller formation energy than Mg 2+ at Ca-6. The formation energy of Zn 2+ at Ca-6 becomes negative above neutral pH. It can be said that Zn 2+ can completely replace Ca 2+ ions at the Ca-6 site of OCP in the neutral and alkaline aqueous conditions.
Based on the calculated formation energies of substitutional Mg 2+ and Zn 2+ in HAp and OCP, their equilibrium concentrations C M 2+ are evaluated. Then, the following equation is employed:
As shown in Fig. 9 , the formation energies strongly depend on the substitutional sites. Therefore, the site occupancies of the substitutional ions are individually calculated for all the Ca sites in HAp and OCP, and are summed up to evaluate the concentrations of substitutional Mg 2+ and Zn 2+ in the respective crystals. Figure 10 displays the equilibrium concentrations of Mg 2+ and Zn 2+ in HAp and OCP against pH of the surrounding solution ͑at 298 K͒. Since the defect formation energies also depend on the ionic contents of Mg 2+ and Zn 2+ in the solution ͓M 2+ ͔, the results for ͓M 2+ ͔ = 1.0ϫ 10 −4 mol/ l are also plotted for comparison.
In this figure, it is noted that the results of Mg 2+ and Zn 2+ in HAp cannot be observed. This is because the evaluated defect concentrations in HAp at 298 K are less than 10 −6 at. % due to the relatively large formation energies ͓see Figs. 9͑a͒ and 9͑b͔͒. This indicates that Mg 2+ and Zn 2+ substitution for Ca 2+ is quite difficult to take place in the HAp structure.
Regarding the solubility of Mg 2+ and Zn 2+ in HAp, contradictory data were experimentally reported. Pantel indicated that Mg 2+ can be incorporated in HAp to form the solid FIG. 9. Defect formation energies of substitutional Mg 2+ and Zn 2+ in HAp and OCP as a function of pH. In this case, the results are obtained by assuming the ionic concentrations of Mg 2+ and Zn 2+ in the solution to be 1.0ϫ 10 −3 mol/ l. solution, 40 whereas Neuman and Muhyan 41 and Bigi et al. 6 showed that most of Mg 2+ ions in the HAp-solution system cannot be incorporated inside HAp crystals and are limited to be loosely bound at HAp surfaces. LeGeros also suggested a quite limited replacement of Ca 2+ by Mg 2+ in HAp. 42 More recently, Kannan et al. reported magnesium incorporation in mixtures of HAp and ␤-TCP but there is no indication of Mg 2+ substitution in the HAp lattice. 43 Likewise, formation of zinc-calcium HAp solid solution was also reported, 44 and yet Bigi et al. 7 later indicated the difficulty of Zn 2+ incorporation into HAp. Miyaji et al. showed that the substituting limit of Zn in synthetic HAp is about 15 mol %. 45 In this regard, the present results show the extreme difficulty of Mg 2+ and Zn 2+ incorporation in HAp. In addition, it is known that Mg 2+ and Zn 2+ added in the aqueous solution inhibit HAp crystallization and destabilize the HAp crystalline phase. 6, 7 This may also imply that the incorporation of Mg 2+ and Zn 2+ in HAp is essentially not energetically favorable.
In contrast, it can be seen that OCP can accept much more substitutional Mg 2+ and Zn 2+ , depending on the surrounding pH condition, and that Zn 2+ is more incorporated in OCP, as compared to Mg 2+ . The substitutional Zn 2+ concentration in OCP readily increases with increasing pH. In the case of ͓M 2+ ͔ = 1.0ϫ 10 −3 mol/ l, C Zn 2+ is saturated at 12.5 at. %, which corresponds to the fully substituted Ca-6 site by Zn 2+ in OCP. In fact, it is observed in Fig. 9 that the formation energy of Zn 2+ at Ca-6 becomes zero at around neutral pH. Since the formation energies at the other Ca sites exhibit larger values than that at Ca-6, the Zn 2+ concentrations at the Ca sites except for Ca-6 are actually negligible. In contrast, the Mg 2+ concentration in OCP around neutral pH is much smaller than the Zn 2+ case, which can be understood from the larger formation energy of Mg 2+ at Ca-6 shown in Fig. 9͑c͒ .
Based on the present results, it can be said that the biological effects of Mg 2+ and Zn 2+ to enhance bone formation cannot be directly related to their incorporation into HAp crystals. Since Zn 2+ can be easily incorporated in OCP by exchange with Ca 2+ , however, it can be expected that Zn 2+ play its biological role by being located at the low-crystalline transition region on HAp crystals. In this case, it may be speculated that Zn 2+ directly promotes adsorption and activity of osteoblast cells at the transition region, which may contribute to the enhanced bone formation. In contrast, Mg 2+ is much more difficult to substitute for Ca even in OCP. Since hard tissues such as bone and tooth is a mixture of apatite minerals and organic components of collagen and water, most of Mg 2+ may be located in the organic part or in the surrounding body fluid. If this is the case, Mg 2+ ions are readily available to directly act on cells and enzyme to promote bone formation. 13 It is finally noted that the present study dealt with the single substitution of Mg 2+ and Zn 2+ for Ca 2+ in the perfect lattices of HAp and OCP. As a matter of fact, biological HAp also contains a certain amount of other foreign cations and anions, and, in particular, the carbonate ͑CO 3 2− ͒ content is much larger than those of all the other impurities, 1 which will affect the solubility of other trace elements. In this regard, Tas reported that, when HAp powders are precipitated in simulated body fluid ͑SBF͒ solution, Mg 2+ and CO 3 2− ions coming from the SBF are favorably incorporated in the powders. 46 This is an indication of cosubstitution of the ions in HAp, which should be further addressed in future.
IV. CONCLUSIONS
In this study, first-principles calculations are performed for Mg 2+ and Zn 2+ substitution in HAp and OCP, in order to reveal their possible location in the system of HAp in contact with the aqueous solution. OCP is assumed to be a structural model of the transition region between HAp and the solution.
Owing to the smaller ionic sizes of Mg 2+ and Zn 2+ than Ca 2+ , the substitution for Ca sites of HAp and OCP brings about considerable inward atomic relaxation of the surrounding oxygen ions, which results in the smaller coordination numbers with oxygen as compared with that of Ca in bulk HAp and OCP. It is also found that the substitutional Zn 2+ ions tend to form the covalent bonds with oxygen in the fourfold coordination state.
From the calculated defect formation energies, it is likely that the substitutional foreign ions are quite difficult to dissolve into HAp whereas can be more easily incorporated in OCP. In particular, Zn 2+ can more favorably substitute for the specific Ca site of OCP, as compared to Mg 2+ , due to the covalent character of bonding. 
